There is a notable lack of published data concerning sodium cocoyl isethionate (SCI) despite widespread application in the personal care industry. A specific homologue, sodium lauroyl isethionate (SLI) was therefore synthesized, purified by recrystallization and then subjected to a detailed physicochemical examination. Purity of 98% was achieved via repeat recrystallization in methanol. A turbidimetric solubility analysis was then executed to identify both its crystallizability and metastable zone width as a function of temperature.
Introduction
Personal care products such as soap bars, shampoos and liquid cleansers contain surfactants to remove grease and sebaceous oils from the skin. Repeated exposure to surfactants is known to cause skin irritation, 1 dryness, 2 tightness 3 and damage to the stratum corneum. 4 These effects are reported with the use of both traditional carboxylate soaps and synthetic surfactants such as sodium dodecyl sulphate (SDS). [5] [6] [7] [8] [9] Sodium cocoyl isethionate (SCI) is a milder surfactant also prevalent in personal care formulations. 10 Its lower charge density, larger polar head group and high activity at neutral pH improves its compatibility with the skin, thus reducing the negative effects experienced by the consumer. 8 Studies have demonstrated reduced irritation, 8 dryness 11 and binding to the stratum corneum, 12 compared with soaps and alkyl sulphates. In the presence of hard water, traditionally saponified carboxylate soaps exhibit a loss in surface activity as the sodium counter-ion is displaced by magnesium and calcium ions. 13 A larger quantity of product is often utilised by consumers in order to compensate for the consequent loss in detergency and lather. 14 The poor aqueous solubility of the inactive alkali earth salts also results in the precipitation of solid 'scum' on bathroom surfaces. 15 SCI is conversely stable in the presence of alkali earth metals and does not form any deposits or display significant loss of lather volume in the presence of hard water. 14, 16 The molecular structure of SCI is shown in Fig. 1 . On a commercial scale SCI is manufactured through the functionalisation of hydrolyzed coconut oil. 13 Once hydrolyzed, the coconut oil consists of a blend of linear, saturated carboxylic acids ranging between octanoic (C8) and octadecanoic acid (C18). Sodium derivatives are most prevalent within surface active isethionates; although protic 17 and ammonium 18 isethionates have also been prepared for pharmaceutical applications.
Figure 1. Molecular structure of the isethionate functional group. In sodium cocoyl isethionate (SCI), R = linear, saturated carboxylic acid chain between octanoyl-(C8) and octadecanoyl-(C18).
A compositional analysis of coconut oil indicates that the dodecanyl (C12), tetradecanyl (C14) and octadecanyl (C18) chain lengths are the most abundant with concentrations of 47.7%, 19 .9% and 10.3% respectively. 19 Although this chain length distribution is representative of commercial SCI, there is a natural disparity between batches due to the compositional variation in the raw material. 14 Because of this variation, previous studies on SCI have focused on the most abundant isethionate derivatives existing in the natural surfactant blend.
Bistline et al. prepared a series of even numbered, consecutive isethionates ranging from sodium dodecanoyl isethionate (C12) to sodium octadecanoyl isethionate (C18) via a two-step catalytic process. 20 The corresponding linear, saturated carboxylic acids were first esterified using propyne under zinc catalysis to form the equivalent isopropenyl esters. These derivatives were then mixed with sodium isethionate and heated to 200°C in the presence of pToluenesulfonic acid to create the desired acyl isethionate. 20 Hikota also prepared sodium decanoyl isethionate (C10) and sodium dodecanoyl isethionate (C12) as part of a larger investigation into ester-based surfactants. 21 Carboxylic acids were reacted with thionyl chloride to form the corresponding acyl chlorides. Following a reduced pressure distillation, the acyl chlorides were reacted with sodium isethionate at 90°C to yield the acyl isethionate surfactants.
Both studies utilised a two-step synthesis route and while Hikota's reaction temperature was lower, the chlorinated reagents were significantly more hazardous than those utilised by Bistline et al.. 20 In the aforementioned studies, both authors repeatedly recrystallized the sample in alcoholic solvent to purify the crude product. A recent review of acyl isethionates, 22 reports that commercially synthesized SCI typically ranges in crude purity from 78 to 85% and the product is not purified prior to application in personal care formulations. 13 In the current study, sodium lauroyl isethionate (SLI), the most abundant constituent in the natural SCI blend, has been synthesised via the single-step esterification of lauric acid and sodium isethionate. Our reaction exhibits numerous environmental advantages over previous studies reporting the synthesis of SLI including a reduced number of reaction steps, an increased atom economy and complete removal of solvent, catalyst and chlorinated species from the synthesis.
Following synthesis, the crude SLI was successively recrystallized in methanol with accompanying purity analyses at each stage. A polythermal solubility turdimetric analysis was subsequently completed to determine the optimum crystallization parameters for the scalable purification of SLI. There is a notable lack of published literature concerning the fundamental properties and characteristics of sodium acyl isethionates. The resultant purified surfactant was therefore subjected to a detailed physicochemical characterisation and analysis which included melting, decomposition, vapor sorption and surface tension measurements. The fundamental data reported in the study provides a much needed insight into how the physicochemical properties influence the commercial scale manufacture, performance and synthesis of acyl isethionate surfactants from biorenewable sources. were placed in a 500 mL three necked round bottom flask and flushed with nitrogen for 20 min.
Materials and Experimental Methods
The materials were heated to 60°C under a continuous nitrogen stream while the dispersion was stirred at 600 rpm using a magnetic stirrer. Once the lauric acid had melted the reaction temperature was incrementally increased to 240°C over 1 h. Distilled lauric acid was returned to the reaction flask via a Dean-Stark receiver while the water of reaction, along with any biphasic interfacial material, was retained within the receiver and removed as necessary. After 4 h, the Dean-Stark apparatus was removed and replaced with a vertical still head coupled with a 250 mL two neck receiving flask. Nitrogen flow was momentarily increased to minimise hydrolysis during equipment exchange. A condenser was fitted to the receiving flask and the unreacted lauric acid was collected via vacuum distillation. The vacuum pressure was regulated using nitrogen to reduce foaming and product degradation. Crude SLI was isolated by pouring the molten liquid onto a glass surface. Purity was determined by cationic titration with benzethonium chloride (Hyamine® 1622), as reported by Longman.
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Recrystallization of sodium lauroyl isethionate. The crude SLI was purified by repeat recrystallization in methanol. SLI was mixed with 100 mL of methanol and heated to 60°C in a round bottom flask with a condenser. The mixture was stirred at 300 rpm with the solvent incrementally added until the SLI had completely dissolved. Any insoluble particles observed in solution were hot filtered through a stemless funnel. Solutions were then cooled overnight at 0.5°C/min. The resulting crystals were isolated via Buchner filtration and dried in a vacuum desiccator prior to further purification steps. Cationic benzethionium chloride titrations were completed at each purification step, as previously described. After five recrystallizations, SLI Toledo. Enthalpy of fusion ( HFus) and melting temperature (Tm) were obtained from the area and the peak maximum temperature observed from the primary melting peak.
Dynamic vapor sorption.
The water vapor sorption of purified SLI was measured using the DVS Advantage (Surface Measurement Systems, UK). Approximately 10 mg of sample was added to an aluminium crucible and placed into a thermostatically controlled chamber at 25°C.
Samples were then dried under a flow of dry N2 at 50 mL/min until the sample mass had stabilised to the nearest 0.1 µg over a period of 5 min. Relative humidity (RH) was subsequently varied between 0 and 90%, at 10% increments. Target humidity levels were maintained until the sample mass had stabilized and the sample mass, humidity and temperature were continuously recorded at 60 s intervals. The data provides information on the storage stability of SLI with respect to changing humidity levels at room temperature.
Solubility. Solutions of SLI in methanol were prepared at concentrations between 20 g/L and 35 g/L, at 5 g/L increments. Purified SLI was accurately weighed using an analytical balance (to the nearest 0.1 mg) and diluted with 5 mL methanol. The resulting solutions were heated to 40°C and stirred at 300 rpm to ensure complete dissolution. Micropipettes were then used to transfer 1 mL of each solution into 1.5 mL capped glass vials. Four vials were filled at each concentration, thus 16 samples were considered for further analysis. The solutions were analysed using the Technobis Crystal16 parallel crystallizer. The crystallizer provides independent temperature control of four blocks, with each block consisting of four glass vials.
Samples were subjected to five heating and cooling cycles between -10 to 50°C, with each solution concentration undergoing rates of 3, 2, 1 and 0.5 °C/min. Vials were individually magnetically stirred at 700 rpm and solubility was determined using the integrated turbidity detectors. TDiss (clear point) was identified as the temperature when the measured transmission equalled 100% during heating, while TCryst (cloud point) was identified as the temperature when the transmission first dropped below 95% upon cooling. Sample vials were continuously flushed with N2 to avoid external surface condensation at low temperatures. Equilibrium solubility parameters at each concentration (TDiss and TCryst) were obtained by plotting the respective values against heating rate and extrapolating to 0°C/min. The experimental solubility was then compared with the ideal solubility through a Van't Hoff analysis.
Praustnitz et al. 24 stated that, assuming a negligible contribution from the heat capacity (Cp), the molar solubility ( ) in a ideal system was obtained from eq. (1) using the enthalpy of fusion ( HFus) and melting temperature (Tm) measured via DSC:
ln The enthalpy and entropy of dissolution ( HDiss and SDiss respectively) were then calculated from the ideal and experimental solubility data using eq. (2) . These values quantify the enthalpy change when one mole of solute is dissolved into an infinite quantity of saturated solution.
ln
The activity co-efficient ( ) was then used to quantify the experimental deviation from ideality, in accordance with eq. (3), where and Ideal are the experimental and ideal molar solubilities.
Further details on the experimental method and subsequent analysis can be found in previous publications. 25 26 Surface tension. Solutions of SLI in water were prepared at concentrations between 0.01 mM and 10 mM as described previously. A single droplet was generated at the tip of a blunt-end 22 gauge needle with a 1 mL Hamilton 1001 LT threaded syringe. Surface tension was measured using a Theta tensiometer (Biolin Scientific) in the pendant drop mode. A period of 10 min (frame rate capture, 1 fps) was allocated to stabilize the droplet and ensure accurate measurement of the surface tension. Edge detection was applied to the images and the droplet shape was fitted to the Young-Laplace equation using the Attension Theta software. The equilibrium surface tension was determined by averaging the last 30 images of the 10 min period, with three experimental repeats at each concentration. The needles were replaced between samples and the syringes were rinsed with deionised water and oven dried before reuse. All sample preparation and measurements were obtained at room temperature, 20°C.
Surface tension of the air-water interface was measured to be 72.7 ± 0.1 mN/m.
Results and Discussion
A compositional analysis of a commercial hydrolysed coconut oil blend, typically used to synthesize SCI, is displayed in Fig. 2 . The fatty acid mixture was derivatized to form the corresponding fatty acid methyl esters (FAMEs) to avoid peak tailing and long retention times.
The resulting GC-MS chromatogram correlates with the review literature, 19 indicating that the dodecanyl (C12), tetradecanyl (C14) and octadecanyl (C18) are the most abundant chain lengths with concentrations of 43.9%, 20.0% and 10.9%, respectively. Due to the abundance of the dodecyl chain length in the commercial feedstock, the lauryl (C12) homologue of SCI, sodium lauroyl isethionate (SLI), was selected as a model isethionate ester surfactant for this study. Synthesis and purification of SLI. Sodium lauryl isethionate (SLI) was synthesised via a single-step esterification of lauric acid and sodium isethionate under solvent-and catalyst-free conditions. During the commercial synthesis of similar amide-based surfactants, a continuous recycle of distilled volatile carboxylic acids has been incorporated to maintain the acid excess necessary to drive the acylation. 27 In the synthesis of isethionates from biorenewable sources, the recycle of volatile components ensured that the desired chain length distribution of the feed material was maintained in the product. The distillation of fatty acids of a controlled composition also means these raw materials can be reutilised in future syntheses with minimal change to the physical properties of the resulting product.
In the current study, SLI was obtained at a crude purity of 83% (via cationic titration) following a vacuum distillation. This purity is comparable to analogous materials produced via alternative synthesis routes which include catalysts and solvents, where the highest reported purity was 85%. 22 Successive cooling crystallizations in methanol at 0.5°C/min led to a 15% increase in purity following three purification cycles, after which no significant improvement was observed (Fig. 3) . As alkaline potentiometric pH titrations fail to distinguish between the surfactant and residual acid, 28 the industry standard method of cationic titration with benzethonium chloride solution was used for determining surfactant levels. However, this method has been reported to display an error of ~1%, as observed in the current study. 28 Possible attributable phenomena include operator error, the sparing solubility of organic complexes in the aqueous phase, and trace inorganic impurities in the methylene-blue solution. 23 Although newer titrants such as dialkylmethylimidazolium chloride (TEGO®trant) address some of these discrepancies, 29 an LC-MS analysis was additionally utilised in the current study to confirm that a purity of 98% had been achieved after three purification steps. Chemical structure was further verified by NMR, see ESI Fig. S6 for analytical data.
Thermal analysis of SLI. Thermogravimetric analysis of the crude and purified samples (Fig. 4) confirms that the main impurity within the crude SLI was residual lauric acid, which was removed to undetectable quantities in the purified sample. The absence of a measureable mass loss below 300°C
in the purified SLI indicates that the anhydrous form of the surfactant was obtained and the subsequent storage of the purified SLI at an ambient humidity of ~60% for several weeks resulted in no significant moisture uptake. From an average of three measurements, the decomposition onset temperature of purified SLI was determined to be 331 ± 1°C. Consequently, there is minimal risk of thermal decomposition (and formation of SO2 and SO3) at the proposed reaction temperature of 240°C. 
Mass loss was normalised as a percentage of the initial sample mass. As used to identify the presence of moisture at 100°C, impurities between 150 and 230°C and the decomposition profile of SLI in excess of 300°C.
Differential scanning calorimetry (DSC) of the purified SLI (98% purity) produced a peak melting temperature of 225.2°C with a melting range of 224-226°C, see Fig. 5 . The previously reported melting range for SLI was 214-216°C, but no quantified purity was specified. 20 The crude SLI (melting temperature of 214. Measuring five independent SLI samples, the corresponding melting enthalpy ( HFus) was found to be 162 ± 2 kJ/mol. The transition at ~210°C in the purified SLI and ~180°C in the crude SLI are believed to be thermotropic phase transitions. These are widely reported to exist in many long chain anionic surfactant systems in the absence of water.
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Dynamic vapor sorption analysis of SLI. An isothermal DVS analysis was conducted at 25°C
to better understand moisture uptake during the commercial storage of isethionate ester surfactants. Although Karl-Fischer titration is the most common method of determining bulk moisture content in anionic surfactants, 28 the DVS method can provide sorption kinetics and thermodynamic data over a range of humidity levels. 33, 34 Prior to measurement, sample drying under N2 flow showed a total mass loss of 0.01%. While alkyl sulfates are known to readily exist in hydrate form, [35] [36] [37] the lack of significant moisture loss observed during TGA and DVS analyses suggests that the anhydrous form of SLI was obtained using the current synthesis method. At 40% RH the sample mass had increased by 0.2%, suggesting relative stability of the sample during storage at or below 40% RH. At 87% RH, the mass gain was 2.35% which confirms the surfactant to be "slightly hygroscopic" according to Callahan et al.. 38 and the European Pharmacopoeia. 39 There are three primary sorption mechanisms by which materials take up moisture: i) surface adsorption, ii) bulk adsorption and iii) liquefaction by surface dissolution. 40 On reducing the RH to 0% the sample mass returned to its original value with an insignificant discrepancy of 0.005%. Since the sorption process is reversible, liquefaction is unlikely to be the predominant mechanism. With a 2.35% mass increase at 87% RH, the surfactant could have formed a hemihydrate, which would yield a theoretical mass increase of 2.7%. Further analysis would be required to confirm both the structure and mechanism pertaining to the proposed transition. The hysteresis shown in Fig. 6 does however indicate that any moisture uptake during storage at higher humidity can be significantly reduced if the sample is later exposed to a humidity level below 20%. This irreversibility is common in the sorption analysis of solid-gas systems. 41 While the hysteresis is significantly reduced below 20% RH, hysteresis is observed to some extent across the entire humidity range. Everett suggests that this behaviour results from a sorption mechanism that is independent of solid surface area, 42 thus supporting the postulation of a molecular hemihydrate species at elevated humidity levels.
Figure 6. Dynamic vapor sorption analysis of purified SLI. The technique determines hygroscopicity by adjusting humidity levels and measuring the resulting sample mass. SLI was exposed to relative humidity levels between 0 and 90%, resulting in both sorption and desorption isotherms at a thermostatically controlled temperature of 25°C. Left axis shows mass increase relative to the initial mass of SLI (%). Right axis displays this increase as the molar sorption of water, relative to one mole of SLI. Full time-resolved data for purified SLI
is provided in ESI Sec. 5, Fig. S13 .
Crystallizability of SLI.
A polythermal solubility analysis was conducted to define the optimal crystallization parameters for the commercial purification of isethionate surfactants. This approach was utilised in the current study as there was no prior solubility data for the SLI sample. Alcoholic solvents were considered as the purification solvent for SLI after a recent study revealed them to exhibit a high solubility for lauric acid, which the TGA data indicated to be the primary impurity in the crude product. Methanol was specifically selected as it exhibits a higher solubility for lauric acid than ethanol, 43 isopropanol 44 and n-butanol 44 at 20°C.
Preliminary solubility studies yielded very high ambient solubility in water, while ethanol exhibited a significantly lower solubility than methanol at elevated temperatures. Although methanol exhibits a higher toxicity than these substances, the preliminary data indicates that their adoption would be detrimental to both throughput and recoverable yields of SLI.
Methanol was selected in preference to maximize the corresponding commercial value of the purification process. Fig. 7a shows the turbidimetric data for purified SLI in methanol during a heating and cooling cycle, highlighting well defined crystallization and dissolution on-set points as a function of temperature. The TGA, NMR and LC-MS analyses of the recrystallized SLI confirmed that the resulting precipitate was free from significant solvent and impurity levels. The metastable zone width (MSZW) as a function of cooling rate, displayed in Fig. 7b , shows how equilibrium crystallization and dissolution temperatures (TCryst and TDiss) were explained. The MSZWs, as well as TCryst and TDiss, were collated at each concentration to form the solubility curve of SLI in methanol (Fig. 7c) .
The metastable zone denotes conditions where the system is beyond the solubility limit and nucleation can be induced through seeding, surface coarseness or the presence of foreign particulates. 45 Spontaneous nucleation in a binary homogenous system is kinetically precluded until the system reaches the limit of the metastable zone (Fig. 7c) . 46 The minimal dependence of the MSZW on the cooling rate at 20 g/L (Fig. 7b) is reflected for all solution concentrations, see ESI Fig. S11 . This phenomenon indicates the crystallisation and dissolution kinetics are not rate limiting to their respective phase transition processes. 26 With decreasing temperature the system exhibits an increasing MSZW. Knowledge of these changes to MSZW are important to controlling the commercial crystallisation processes and thus ensuring a reproducible crystal size, morphology and purity between batches. 45 The implementation of in-situ process analytical techniques could be used to maintain process conditions within the metastable zone at high temperatures, where the MSZW is smaller. Table 1 . Full data can be found in the ESI Fig. S11 . This large deviation from ideality, when compared to other organic systems analysed using the same methodology, 26 suggests that the solvent-solute system exhibits a strong preference for solute-solute interactions. When the data is compared with a conductivity-based solubility analysis of SDS, the solubility of SLI in methanol at 50 o C is approximately ~30% of the measured SDS solubility. 48 With respect to theoretical yields, a cooling crystallization from -10 o C to 50°C is predicted to recover more SLI than SDS, with predicted yields of 79% and ~71% respectively. The values of HDiss and SDiss for SLI indicate that the phase transition is strongly dependent on the enthalpy, see Table 1 . The thermodynamic parameters for the dissolution of SDS in methanol are HDiss = 22.3 kJ mol -1 and SDiss = 54.3 J mol -1 . 48 Despite analogous dodecyl alkyl chains, the additional ethyl-ester group in the isethionate species creates a difference in chain length between SDS and SLI. This structural disparity and consequent hydrophilicity may contribute to the higher absolute solubility exhibited by SDS in a methanolic environment. SLI synthesized by the two-step process. 20 The lower surface tension in the current study suggests a higher wettability in aqueous environments, while a lower CMC confirms that a lower surfactant concentration was required to reach peak wetting performance. It is worth noting that the method used to determine the CMC and surface tensions was different from that reported by Bistline et al. 20 . However, the observed improvement in performance is more likely to result from an improved sample purity, as the CMC of lauryl sulphate surfactants is very susceptible to error from surface active impurities. 49 Foreign species can cause the surface tension to fluctuate and drop, below the CMC limit before stabilising at the actual micellar concentration. 50 The absence of such fluctuation provides evidence that such impurities were not present in the current sample. Recent studies have shown that SDS exhibits a CMC of 8.0 mM at 20°C, 51 with a corresponding plateau surface tension of 33 mN/m at pH 7. 52 The plateau surface tension beyond the CMC for SLI (38 mN/m) is therefore lower than that measured for SDS (33 mN/m) at 20°C. The CMC, however, for SLI is higher than that for SDS at equivalent conditions.
Hence, the proposed crystallization process and resultant higher sample purity could therefore be critical to obtaining surface tension levels exhibited by SDS whilst maintaining the increased mildness offered by isethionate ester surfactants.
In summary, the thermodynamic and physicochemical properties determined from the characterization of SLI are provided in Table 1 , along with the corresponding literature values for its alkyl sulfate analog, sodium dodecyl sulfate (SDS). * Measured at 20°C. ‡ pH 7 † Parameters obtained by processing the cited raw data using methodologies described in the current study.
Conclusions
Sodium lauroyl isethionate (SLI), the most abundant derivative of sodium cocoyl isethionate (SCI), was directly synthesised at the 500 mL scale without the use of solvent or catalytic species. The direct esterification of lauric acid reduced the number of reaction steps and eliminated the risk of HCl production which resulted from previous acyl chloride based reactions. 21 When compared with current published syntheses of SLI, the solvent-free route was to found to have the potential to increase process output, reduce material costs and remove the time and energy required for an industrial scale solvent recovery. While catalytic routes had previously been proposed for this type of reaction, 22 their use had led to an undesired phase separation in the resulting product at concentrations above 0.2 w/w%. 54 The reaction times, temperatures and yields in the current study were also similar to previous catalytic routes. 22 The new process therefore eliminated the handling and recovery of catalytic materials without significant detriment to process efficiency.
The proposed recrystallization of crude SLI resulted in a purity level of 98% after three successive recrystallizations in methanol. Following a recent review of commercially available surfactants, 22 this is considered by the authors to be the highest published purity of a sodium acyl isethionate surfactant. The use of crystallization over chromatographic techniques meant that the purification could be scaled to industrial quantities and the solubility analysis of the purified surfactant provided process conditions through which this could be achieved.
Although this study utilized a cooling crystallization, the data was also deemed applicable to evaporative processes. 55 While the estimated throughput was lower than an analogous purification of SDS, SLI displayed higher yields at equivalent temperatures which was prospectively more important given its higher market value.
An aqueous surface activity analysis of the purified SLI yielded a surface tension much closer to the performance of SDS than previously reported synthesised samples of SLI. Given the widely acknowledged mildness of isethionate ester surfactants compared to traditional soaps and synthetic surfactants such as sodium dodecyl sulfate (SDS), the increased performance achieved through purification could be utilised in high value personal care formulations where harsher surfactants may be undesirable. High purity isethionates could also be used to create analytical standards, thus permitting the adoption of spectroscopic techniques to evaluate commercial surfactant synthesis. Reductions in time, labor and chemical use could be achieved when compared with the successive titration techniques currently used to detect and quantify surfactants in the personal care industry.
List of Abbreviations
CMC -critical micellar concentration DSC -differential scanning calorimetry DVS -dynamic vapor sorption (relates specifically to dynamic water vapor sorption in the current study) FAME -fatty acid methyl ester MSZW -metastable zone width SCI -sodium cocoyl isethionate SDS -sodium dodecyl sulfate SLI -sodium lauroyl isethionate TGA -thermogravimetric analysis HDiss -enthalpy of dissolution HFus -enthalpy of fusion SDiss -entropy of dissolution TCryst -crystallization temperature TDiss -melting temperature Tm -melting temperature -activity co-efficient -mole fraction Ltd for their financial support in the completion of this research. We also thank Martin Huscroft and Simon Barrett for analytical support.
Supporting Information
Contains analytical data relating to the purity of SLI including FTIR, LC-MS and NMR.
Further results from the titration and DVS experiments are provided, along with experimental details of the FAME derivatization and the titration procedures. Plots of raw turbidimetric data, MSZW determination and activity co-efficient have also been made available.
